Aim: Antibody fragments, appropriately formulated, can penetrate through the ocular surface and thus have potential as therapeutic agents. The aim was to investigate the influence of protein fragment format on the kinetics and extent of ocular penetration in vitro. Methods: Immunoglobulin single chain variable domain fragments of a murine monoclonal antibody with specificity for rat CD4 were engineered with a 20 or 11 amino acid linker by assembly polymerase chain reaction, expressed in Escherichia coli and purified by chromatography. Fab fragments of the parental antibody were prepared by papain digestion. Antibody fragments were formulated with a penetration and a viscosity enhancer and were applied to the surface of perfused pig corneas for up to 10 hours in vitro. Penetration was quantified by flow cytometry on rat thymocytes. Results: 20-mer antibody fragments formed natural monomers and dimers following purification that could be separately isolated, while 11-mer fragments were dimeric. All formats of fragment (20-mer monomers and dimers, 11-mer dimers, Fab) showed penetration through the pig cornea after 6 hours of intermittent topical administration. Conclusion: Antibody fragments of different shapes and sizes can penetrate the cornea after topical administration, thereby increasing the potential of this class of proteins for topical ophthalmic use.
T opical application is the preferred method of administration of drugs to the cornea and anterior segment, because therapeutic concentrations can often be achieved without systemic side effects. Furthermore, self administration of eye drops can be managed by many patients. However, topical treatment will only be of therapeutic use if the drug can penetrate through the ocular surface. 1 The corneal epithelium, stroma, and endothelium all form barriers to intraocular drug penetration. In particular, the intercellular tight junctions of the most superficial epithelial cells provide an effective seal. 2 Hydrophilic drugs penetrate corneal epithelium by diffusion through small pores within the tight junctions of these cells. 3 The pore size has been calculated to be 2-3 nm in diameter and drug penetration through these pores is strongly size dependent. 4 5 The intercellular spaces between basal and intermediate epithelial cells are wider, allowing penetration of hydrophilic molecules with a molecular weight of at least 40 kiloDalton (kDa). 2 Lipophilic drugs readily penetrate the epithelial surface via a transcellular pathway, 6 in a process that is independent of molecular size. 1 The cut-off size for penetration through the corneal stroma has been estimated as being approximately 500 kDa, 7 although the actual level may be much lower. 1 The hydrophilic corneal stroma forms a weak barrier for lipophilic drug penetration. 6 The corneal endothelium forms another barrier for hydrophilic drugs especially, but the tight junctions are incomplete, 8 allowing penetration of molecules up to approximately 60 kDa. 9 Drug penetration through sclera is very similar to penetration through corneal stroma. 1 10 11 Penetration of hydrophilic drugs through the conjunctiva greatly exceeds penetration through the cornea. 4 Dextran-20 (20 kDa) can penetrate the normal conjunctiva without a penetration enhancer. 12 Up to half of any topically applied low molecular weight drug is absorbed through the conjunctiva into the subconjunctival connective tissue, 13 14 and thence into a dense net of blood and lymph vessels before they reach the sclera. 7 15 16 The conjunctival/scleral route contributes little to intraocular bioavailability of small drugs that penetrate the cornea well, but may contribute substantially to intraocular penetration of hydrophilic drugs with limited corneal permeability. 17 18 In addition, there is a well recognised limbal absorption route, where drugs penetrate the permeable conjunctiva before entering the eye through the corneal stroma.
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Immunoglobulins (Ig), and particularly secretory IgA, are constituents of the tear film, and form part of the defence mechanisms of the outer eye. However, antibodies are too large to penetrate the cornea rapidly. 9 Single chain variable domain antibody fragments (scFv) lack the constant region domains of whole antibodies and are relatively small (28 kDa monomers). 20 Such fragments can penetrate tissues efficiently when administered systemically, and have considerable therapeutic potential. 21 22 We recently demonstrated that scFvs can penetrate across the cornea when applied topically in vitro and in vivo. 23 We have now identified methods that allow the separation of various monomeric and dimeric fragments of a particular antibody (fig 1) , and show that fragments of several different shapes and sizes can penetrate the perfused pig cornea in vitro.
MATERIALS AND METHODS
Production and purification of engineered antibody constructs Single chain variable domain fragments (scFv) were generated from log phase cultures of the OX38 hybridoma, producing mouse anti-rat CD4 IgG2a antibody, 24 by the method of Krebber et al. 25 26 ScFv constructs with 20 amino acid (20-mer) and 11 amino acid (11-mer) linker sequences were generated in the pHB400 vector which incorporates a poly-histidine sequence. 27 Following fermentation in 15 litre batches, Escherichia coli extracts were treated with 1% Triton Abbreviations: Ig, immunoglobulins; IMAC, immobilised metal affinity chromatography; MFI, mean fluorescence intensity; scFv, single chain variable domain antibody fragments X-100 to reduce endotoxin, 28 and purified on a Ni-NTA (Qiagen, Clifton Hill, VIC, Australia) column (10610 cm) by elution with a linear imidazole gradient (20-500 mM). 26 Fractions containing scFv were pooled and further purified using a Q Sepharose HP (Amersham Biosciences, Sydney, Australia) anion exchange column (6610 cm). Bound scFv was eluted stepwise with 50 mM and 70 mM NaCl. Purified antibody fragments were concentrated using Macrosep centrifugal concentrators (Pall Gelman Laboratory, Sydney, Australia), filter sterilised and stored at 4˚C. Endotoxin levels were measured by Limulus Amoebocyte lysate test (Charles River Laboratories, Wilmington, MA, USA).
Preparation and purification of Fab fragment OX38 IgG was purified from hybridoma culture supernatant by Protein-A chromatography and digested using papain agarose (Sigma-Aldrich, Sydney, Australia). 29 Fab fragments were purified on a Q Sepharose HP column and eluted with a linear NaCl gradient (0-1 M). 30 Determination of antibody fragment purity and molecular weight Purity of antibody fragments was determined using SDS-PAGE analysis. Relative molecular mass of each antibody fragment fraction was estimated using a Superdex 75 HR 10/ 30 size exclusion column calibrated with gel filtration standard proteins (Bio-RAD, CA, USA). The molecular weights of Fab and scFv monomers were determined using electrospray ionisation mass spectrometry (ESI-MS).
Formulation of antibody and antibody fragments for topical application Control eye drops comprised OX38 hybridoma culture supernatant containing IgG at a concentration detectable at a dilution of 1 in 30 000 by flow cytometry. Antibody fragments were prepared at 2-10 mg/ml protein in 10 mM HEPES buffer pH 7.5, 150 mM NaCl. The protein concentration was the maximum achieved for each fragment preparation and was governed by fragment solubility. Just before the experiment, the solution was diluted 1:1 with 1% capric acid sodium salt (Sigma-Aldrich) as a penetration enhancer and 3% hydroxypropyl methylcellulose (Dow Chemical Pacific Ltd, Marleston, SA, Australia) as a viscosity enhancer in 10 mM HEPES buffer pH 7.5, 150 mM NaCl. 23 
Corneal perfusion
Normal pig corneas were prepared and immediately mounted in a polycarbonate and stainless steel corneal perfusion chamber, which has been described in detail previously. 31 One 50 ml drop of antibody fragment formulation was applied topically to the corneal surface every 20 minutes over the time course of the experiment. Every hour, 220 ml of the perfusate was removed from the perfusion reservoir for testing, and replaced with the same volume of fresh BSSPlus. 23 The condition of the corneas was monitored hourly using a hand held ultrasonic pachymeter (Biovision Pocket pachymeter, BV International, Clermont-Ferrand, France).
Measurement of antibody and antibody fragment concentration
Binding activity of OX38 antibody and antibody fragments to normal rat thymocytes was measured by flow cytometry as described previously. 23 32 For whole IgG and Fab fragment the incubation with anti-PolyHis antibody was omitted. All assays were performed in duplicate and variation was routinely less than 10%. Mean fluorescence intensity (MFI) was used as a relative quantitative measure for antibody or antibody fragment concentration after penetration through the cornea, by comparison with titration series of known purified protein concentrations.
Conventional histology
Corneoscleral buttons were fixed in 10% buffered formalin in PBS, paraffin embedded, sectioned at 10 mm and stained with Mayer's haematoxylin and eosin. 
RESULTS

Purification of antibody fragments
A purification procedure was designed to separate monomeric and dimeric antibody fragments of high purity with low levels of endotoxin. His tagged scFvs were captured from bacterial homogenates using immobilised metal affinity chromatography (IMAC). A single peak was eluted from the IMAC column and the purity of scFv was approximately 57%. Anion exchange chromatography further reduced endotoxin contamination and stepwise elution separated monomeric and dimeric 20-mer scFvs (fig 2) . The 50 mM NaCl step eluted three peaks. Size exclusion chromatography showed that all peaks contained predominantly monomeric scFv (.90%) with an estimated molecular mass of 27 kDa. The 70 mM NaCl step eluted a single peak containing predominantly dimeric scFv (94%) with an estimated molecular mass of 56 kDa (fig 3) . The same purification process was used for the 11-mer construct and produced only dimeric scFv with an estimated molecular mass of 52 kDa. Fab fragments, purified by anion exchange chromatography, were monomeric with an estimated molecular mass of 48 kDa. The monomeric molecular masses of the 11-mer scFv, 20-mer scFv and Fab were verified by ESI-MS to be 27 410 Da, 27 982 Da, and 49 046 Da respectively. Evaluation by size exclusion chromatography showed that monomeric and dimeric scFv preparations were stable for at least 6 months. Purification yields, purity and endotoxin levels of the purified fragment preparations are shown in table 1.
Penetration of antibody fragments across the cornea
Purified protein of each antibody fragment prepared in an aqueous formulation containing 0.5% sodium caprate to enhance penetration and 1.5% hydroxypropyl methylcellulose to increase viscosity was applied topically to the surface of pig corneas mounted horizontally in a corneal perfusion chamber. One 50 ml eye drop containing 0.8-5.2 mg protein/ ml was applied to each cornea thrice hourly for a period of 10 hours. The thickness of corneas typically increased gradually by approximately 30% over the 10 hour observation time (fig 4) .
The perfusate was sampled every hour for detection of binding activity to rat thymocytes. All fragments penetrated through the pig cornea into the artificial anterior chamber (table 2, fig 5A) . The time at which antibody fragment was first detected in the perfusate was variable in the range 5-8 hours (table 2) . No significant difference in penetration time was observed between fragment formats, despite the dimeric scFvs and the Fab fragment being twice the size of the monomeric scFv. There was no detectable penetration of whole OX38 IgG into the perfusate over the 10 hour observation time (table 2) .
In each experiment a titration series of purified protein for each antibody fragment type was performed by flow cytometry (fig 5B) . This facilitated comparisons between individual experiments and permitted estimation of the amount of antibody fragment in the perfusate (tables 2 and 3). Ten hours after commencement of topical application of eye drops, the mean concentration of protein detected in the perfusate was 0.29 (SD 0.21) mg/ml (range 0.03-0.80 mg/ml) across all antibody formats. Although neither the penetration rate nor concentration of antibody fragment that could be achieved in the artificial anterior chamber varied among fragment formats, the penetration of the Fab fragment relative to the concentration of protein applied to the corneal surface was 5-10-fold less than for the engineered antibody fragments (table 3) .
Endpoint histology of perfused corneas at 10 hours showed intact endothelium and stroma of normal appearance, with generally intact epithelium. However, the most superficial layer of epithelial cells was frequently ragged and in some corneas, intracellular vacuoles were apparent in basal epithelial cells. The presence of vacuoles did not influence the degree of penetration of antibody fragments.
DISCUSSION
Topical application is a preferred method of administration of drugs to the cornea and anterior segment, because therapeutic concentrations can often be achieved without systemic side effects. We have previously shown that purified scFv will penetrate through the cornea into the anterior chamber of the eye when applied as eye drops in an appropriate formulation. 23 Such fragments retain binding activity in the anterior chamber.
Chromatographic procedures were developed that allowed separation of highly purified, stable monomeric and dimeric antibody fragments, such that the ocular penetration of monomers of 27 kDa (20-mer scFv) and 48 kDa (Fab), and of dimers of 52 kDa (11-mer scFv) and 56 kDa (20-mer scFv) could be compared. Penetration of all formats of antibody fragment through the pig cornea was detected after application of eye drops for 6-7 hours on average, and reached concentrations of approximately 300 ng/ml after 10 hours. Similar concentrations of monomeric and dimeric scFvs and Fab fragments were achieved in the artificial chamber of perfused corneas, but the Fab showed less efficient penetration compared with other fragments, relative to the concentration of protein in the eye drop. Dimeric forms of scFvs showed improved binding characteristics to target cells expressing a high level of antigen, compared with monomeric forms (fig 5B) , and may be desirable for some applications.
The antibody fragments were formulated into eye drops with the addition of two excipients. Sodium caprate has been shown to induce a rapid and reversible loosening of epithelial tight junctions and an enhancement of the paracellular absorption route. 33 Hydroxypropyl methylcellulose was added to increase the retention time of the aqueous solution of scFv protein and penetration enhancer on the corneal surface. It is probable that the use of this combination of excipients in vitro caused the gradual corneal thickening and the appearance of intracellular vacuoles in some corneas. We have used the same excipients with monomeric scFv in similar experiments on rabbit cornea in vivo. 23 Corneas remained crystal clear throughout the 12 hour application of eye drops and endpoint histology showed that normal corneal architecture was preserved, suggesting that corneal thickening and vacuoles will not occur clinically. The degree of penetration of scFv in vivo was comparable to that seen in this study. 23 The action of sodium caprate on the tight junctions of the most superficial epithelial layer is relatively rapid. 33 The 6 hour lag time before antibody fragments were first detected in the anterior chamber reflects the time for diffusion of protein through the underlying layers of the epithelium, the stroma and the endothelium. The sensitivity threshold of the detection method is a contributing factor. In similar experiments with de-epithelialised pig corneas, we found that there was a 4 hour lag time before scFv was detected in the anterior chamber. 23 It is clinically feasible to load the cornea initially with an antibody fragment, using ointment or frequent eye drop application, with subsequent tapering of the frequency of application to maintain the dose.
These findings demonstrate the potential of topically applied antibody fragments with appropriate specificities for treating disorders of the cornea and anterior segment, and the possibility of selecting the most appropriate antibody fragment format for specific therapeutic purposes. 
